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Abstract 
The food industry is faced with a challenge of manufacturing products with advanced health benefits without 
compromising sensory attributes. One of the examples where there is an urgency to obtain an understanding is 
producing high quality low salt products. An understanding of phenomena occurring during oral processing will 
allow for the design of such products. In this work eating was simulated using a simplified approach to describe 
phenomena. A mathematical description was then implemented. The model predictions compared favourably with 
already published experimental data. The model indicated that for semi-solid products there is the potential to 
modulate consumer response by controlling release profiles. 
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1. Introduction 
Over the last years, governmental and non-governmental health agencies have issued recommendations 
aiming at reducing sodium intake. An excess of sodium consumption has been linked with a range of 
physical conditions; namely cardiac and vascular caused by higher-than-normal blood pressure. Although 
these recommendations are targeting daily consumption, more than 2.6 g of sodium or 6 g of salt per day, 
80% of the salt ingested by the consumer comes from processed foods in developed countries [1]. This 
amount is thus not in the control of the consumer and it is the responsibility of the food industry to tackle 
this problem by reducing the amount of salt in processed foods. This presents not only a challenge but 
also an opportunity for the food industry to creatively use formulation and existing processing methods to 
create micro-structuring that can control the release of actives such as salt [2]. Despite that encapsulating 
molecules such as salt is extremely challenging, shelf stable double emulsions have been designed and 
demonstrated that can be used in semi-solid products [3]. Recent in-vitro experiments demonstrated that 
* Serafim Bakalis. Tel.: (+44) (0)121 414 5383; fax: (44) 121 4145324. 
E-mail address: S.Bakalis@bham.ac.uk 
.
2211–601X © 2011 Published by Elsevier B.V. 
Selection and/or peer-review under responsibility of 11th International Congress on Engineering  and Food (ICEF 11) Executive Committee.
Open access under CC BY-NC-ND license.
© 2011 Published by Elsevier B.V.
 Selection and/or peer-review under responsibility of 11th International Congress  on Engineering and Food (ICEF 11) Executive 
Committee.
Open access under CC BY-NC-ND license.
1153Benjamin J.D. Le RÈvÈrend et al. / Procedia Food Science 1 (2011) 1152 – 1157
salt released by hydrocolloid matrices can be further controlled by a diffusion mechanism and mixing 
between the food and saliva [2, 3]. Literature supports the ability to modulate consumer response by 
altering food structure. Recent studies have shown that due to their complex nature, it is possible to reduce 
salt in solid and semi solid foods by up to 10% without changing their sensory properties [4]. However in 
liquid food matrices, mixing between the food and saliva is very efficient and in-vivo measurements have 
shown a fast response to pulses of sodium in a solution delivered using a gustometer [5,6] or under sip-
wise conditions [6].  
This work aims to explore the full potential of possible food structures by understanding phenomena 
occurring during oral processing. Towards this direction a simplified mathematical model of the mouth 
was implemented and validated against existing experimental data.. 
2. Materials and Method 
2.1 Mathematical model 
Phenomena in the mouth were simplified assuming that the mouth can be divided in two 
compartments: 
i. a first compartment represents the bulk of the mouth and is modelled as a stirred tank, using a mass 
balance between food inlet (Vf, cf) and saliva (Vs, cs). Both fluids are mixed into a food-saliva mixture 
(Vfs, cfs) according to a mixing time T which is a function of the inverse of the viscosity of the food 
(K). This volume is emptied of 90% of its content (swallowing) when the volume reaches 4 ml. The 
system of differential equations describing this mass balance was solved using a forward Euler 
scheme. 
ii. the second compartment is a diffusive only volume that represents the mucus boundary layer close to 
the vicinity of the tongue. This layer is of fixed thickness (e) and the diffusion of sodium ions in this 
layer is that of sodium ions in water. Fickian diffusion through this layer was solved using a 2nd order 
finite difference scheme. 
Between those two compartments, a transfer coefficient h is controlling the exchange of mass using a 
Neumann boundary condition Neumann boundary condition h·(Cm|bulk-Cfs)=-D·( Cm|bulk)·n. This was 
estimated using a dimensionless analysis named Chilton-Colburn analogy that is presented in eq. 1. 
Sh = 0.0023 · Re4/5 ·  Sc1/3 (1) 
where Sh is the Sherwood number Sh=h·l/D, Re is the Reynolds number Re=u·l·U/K and Sc is the Schmidt 
number Sc=K/(U·D).
The equations describing the system were solved using MATLAB (Mathworks, USA). 
2.2 Experimental Data 
Experimental data was obtained from the available literature on the topic. A first paper by Morris and 
co-workers [6] focuses on the perception of saltiness over short periods of time (20 s) mimicking a sip 
during consumption of a low viscosity soup or bouillon. A different time scale (60 - 240 s) was 
investigated by Busch and co-workers using a similar system [7]. Data published in those articles was 
digitised using the GraphClick software. The reader is referred to those original papers for description of 
the experimental conditions used for the sensory data collection. 
The values of the parameters used in the model are shown in Table 1. 
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Table 1. Values and literature sources for the model parameters 
Parameter Symbol Value Source 
Mixing time in the mouth T 0.1 s [9] 
Length of the mouth l 3e-2 m [10] 
Density of the solution r 1000 kg/m3 [11] 
Viscosity of the solution   1e-3 Pa.s [11] 
Average velocity close to the tongue u 5e-1 m/s [12] 
Diffusivity of sodium chloride in water D 1e-9 m2/s [11] 
3. Results and Discussion  
On Figure 1, one can see the input signal of sodium concentration and the resulting signal recorded by 
the panellists [6] compared with the data simulated by our model. For both square (a) and pulsed (c) 
profiles, the simulated response is in agreement with the experimental data and follows well the trend 
given by the means of the recorded intensity. In the simulation of the pulsed profile (d), one can see that 
the model seems to “integrate” the signal without a decrease in sodium intensity during the time where 
the sodium concentration of the inlet returned to the lower value. The experimental data also showed this 
feature for 40% of the panellists. Differences between individuals are can be attributed to differences in 
eating patterns, i.e. difference in tongue movements, and variations in the thickness of the mucus layer 
that can modify mass transfer. 
(a) (b) 
(c) (d) 
Fig. 1. Comparison between experimental and simulation data of time intensity profiles A (a) and F (b) from Morris et al.[6].  
Error bars represent 1 standard deviation. 
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Similar quality of simulation was obtained when using the profiles from the other publication. Fig. 2 (a) 
shows the tracking of the changes of sign of the first derivative of the experimental and simulation data. 
One can see that the model predict this very accurately and thus captures the complex dynamics of 
transport phenomena in the mouth. In Fig. 2 (b), the simulated area-under-the-curve (AUC) of sip 
conditions of different solutions having the same salt concentration but different viscosities (@ 50 s-1) is 
compared with the overall saltiness reported by panellists in thickened solutions. Again, our model 
correlates linearly with the experimental data, showing the robustness of our approach in quantifying the 
mass transfer as a function of the viscosity of the bulk compartment. 
Validation against “dynamic low viscosity” and “static high viscosity” experiments allows us to use 
our model to predict saltiness perception in “dynamic high viscosity” conditions, which cannot be done 
using a gustometer, to the best of our knowledge. 
(a) (b) 
Fig. 2. Comparison between simulation and experimental data (a) times at which local extrema occur in gustometer and sip wise 
TI curves [8] and (b) effect of the viscosity of the solution on salt perception: global salt perception [13]. 
In Fig. 3, the effect of pulsed or non-pulsed profiles similar to those used by Morris et al.[6] is 
simulated for two different Newtonian viscosities (1 and 100 mPa·s). One can see that although at low 
viscosity (1 mPa·s) there is a large difference between the two profiles, this difference becomes much 
smaller when the viscosity is increased (100 mPa·s). This can be related with the measures reported on 
solid products [4] where little differences are reported between high and low salt content foods. This 
presents an opportunity in designing food formulations with reduced salt content without 
compromising consumer perception. 
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Fig. 3. Predicted TI profile for high and low viscosity products. The use of pulses makes little difference if the viscosity is low 
and much less salt is delivered to the consumer. 
4. Conclusion  
A conceptual and mathematical model describing the in-mouth momentum and mass transfer during 
consumption of liquid was developed and tested against dynamic and static experimental sensory data. 
The model was successful in predicting the dynamics of Time-Intensity curves as well as overall saltiness 
perception in thickened salted solutions. The model was then used to predict the effect of pulsed delivery 
of sodium in high viscosity liquids and showed that it is a possible way to effectively reduce salt content 
without affecting saltiness perception. To help tackling the current high sodium diet Public Health 
concerns, future developments of food microstructures could focus on the manufacturing of structures 
that could release sodium in pulses.  
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